Abstract: This paper describes a microfluidic chip for performing kinetic measurements with better than millisecond resolution. Rapid kinetic measurements in microfluidic systems are complicated by two problems: mixing is slow and dispersion is large. These problems also complicate biochemical assays performed in microfluidic chips. We have recently shown (Song, H.; Tice, J. D.; Ismagilov, R. F. Angew. Chem., Int. Ed. 2003, 42, 768-772) how multiphase fluid flow in microchannels can be used to address both problems by transporting the reagents inside aqueous droplets (plugs) surrounded by an immiscible fluid. Here, this droplet-based microfluidic system was used to extract kinetic parameters of an enzymatic reaction. Rapid single-turnover kinetics of ribonuclease A (RNase A) was measured with better than millisecond resolution using sub-microliter volumes of solutions. To obtain the single-turnover rate constant (k ) 1100 ( 250 s -1 ), four new features for this microfluidics platform were demonstrated: (i) rapid onchip dilution, (ii) multiple time range access, (iii) biocompatibility with RNase A, and (iv) explicit treatment of mixing for improving time resolution of the system. These features are discussed using kinetics of RNase A. From fluorescent images integrated for 2-4 s, each kinetic profile can be obtained using less than 150 nL of solutions of reagents because this system relies on chaotic advection inside moving droplets rather than on turbulence to achieve rapid mixing. Fabrication of these devices in PDMS is straightforward and no specialized equipment, except for a standard microscope with a CCD camera, is needed to run the experiments. This microfluidic platform could serve as an inexpensive and economical complement to stoppedflow methods for a broad range of time-resolved experiments and assays in chemistry and biochemistry.
Introduction
This paper describes a microfluidic platform (Figure 1 ) for performing kinetic measurements with better than millisecond resolution. Both fast (k ≈ 1000 s -1 ) and slow (k ≈ 1 s -1 ) kinetics can be measured using this platform. Even for fastest measurements, each kinetic profile can be obtained using less than 150 nL of solutions of reagents because this system of moving droplets 1 relies on chaotic advection, 2 rather than turbulence, 3 to achieve rapid mixing.
We have recently described 1 and characterized 4 a set of physical phenomena in multiphase fluid flow that solve both the mixing and dispersion problems of microfluidics. Fabrication of these microfluidic devices in PDMS was straightforward, 5 and no specialized equipment except for a standard microscope with a CCD camera was needed to run the experiments. This system removed dispersion by localizing reagents inside aqueous droplets (plugs) formed in a stream of a water-immiscible fluorinated carrier fluid. The width and height of plugs were equal to the cross-sectional dimension (∼20-100 µm) of the channels. The length of the plug may be controlled from ∼1 to ∼10 times the width by varying the ratio of the flow rates of aqueous streams and carrier fluid. 4 Smaller plugs used in kinetics may be formed with better than 5% reproducibility. 4 Each plug carried a mixture of two reagents and a stream of buffer, injected into the microfluidic chip by syringe pumps. Rapid (∼2 ms) mixing 1 was achieved by inducing chaotic flow inside droplets moving through the winding part of the channel. Mixing was quantified by measuring the rate of binding of Ca 2+ and Fluo-4. No kinetic parameters could be extracted for this binding reaction.
Here we describe how this microfluidic platform can be used to extract kinetic parameters on millisecond time scale. Four features advance this work beyond our previous report: 1 (i) rapid on-chip dilution, (ii) multiple time range access, (iii) compatibility with an enzyme, and (iv) explicit treatment of mixing for improving time resolution of the system. This paper discusses these points using ribonuclease A (RNase A) kinetics and uses all these features to measure single-turnover kinetics of RNase A with better than millisecond resolution using submicroliter volumes of solutions.
Rapid kinetic measurements are crucial for understanding protein 6 and RNA 7 folding, as well as enzymatic 8-10 and chemical 11 reactivity. These measurements have been possible due to the development of techniques such as stopped-flow 9,10 and quenched-flow. 8 These methods use turbulence to induce rapid mixing of the reagents; they require high (mL/s) flow rates and consume large volumes of samples. These methods are expensive and are not sufficiently frugal for characterization of many biomolecules produced in small quantities by genomics and proteomics efforts. 12 Microfluidic systems are attractive for performing measurements using minute amounts of reagents. They have been used to characterize kinetics of biochemical [13] [14] [15] systems on time scales ranging from minutes 15 to seconds. 13, 14 Microfluidic systems have not replaced turbulence-based rapid kinetic instruments because of the two problems that limit the resolution: mixing of reagent streams across the channel is slow and dispersion of the reagents by the pressure-driven flow along the channel is large.
A significant amount of work has been done to solve the two problems of mixing and dispersion. For example, droplets have been used to eliminate dispersion in a complete DNA analyzer. 16 Droplets have been used in microchannnels before to perform chemical reactions and to enhance reactions that involve immiscible reagents. 17 Alternatively, mixing and transport of minute volumes of reagents without dispersion can be achieved by using fused vesicles. 18 Hydrodynamic focusing 19 is the most attractive microfluidic method for studies of macromolecular folding using small volumes of samples. It has demonstrated the value of microfluidics to biophysical measurements. This method solves the mixing problem by rapid injection of a stream containing the biomolecules between two flowing streams of excess of a folding buffer. The streams of buffer squeeze ("focus") the central stream to a thickness as low as ∼100 nm, and mixing by diffusion occurs rapidly (less than 10 µs has been obtained 19 ) as molecules diffuse in and out of the thin central stream. This method has been used to study folding on time scales of 150-500 µs, 20 -0.8 to 8.0 ms, 21 and 5-45 ms. 22 This droplet-based microfluidic system is complementary to hydrodynamic focusing. Mixing in this system is substantially slower than in hydrodynamic focusing, and due to the presence of liquid-liquid interfaces, the scattering measurements commonly used with hydrodynamic focusing may be more difficult to perform. On the other hand, in hydrodynamic focusing, one of the solutions of reagents must be used in excess, making it less attractive for those kinetic measurements (e.g., secondorder) where concentrations of the reagents have to be controlled and varied. Varying concentrations is unnecessary for folding experiments.
(i) Rapid On-Chip Dilution. Typically, rate constants are obtained by performing kinetic measurements repeatedly under varying concentrations. Preparing solutions of various concentrations manually and performing an experiment at each of these concentrations is tedious and may require undesirably high volumes of samples. Microfluidic channels can be fabricated on a small scale with ease, and usually the microfluidic measurement itself does not require a large amount of sample. Most of the sample solution is often used to fill the inlets and outlets of the microfluidic device to interface it with the macroscopic world. When minimizing sample consumption is critical, the microfluidic system must be able to perform onchip dilution 14, 15, 23 to perform measurements over a range of concentrations using only one set of stock solutions to fill the inlets. Such a system would also eliminate the need for manual dilutions.
Here, we describe how a series of reagent concentrations can be accessed quickly without disconnecting the inlet needles (Figure 1 ). Figure 2 shows formation of plugs from two streams of reagent solutions separated by a stream of buffer solution. In previous work, 1 the middle buffer stream was used to prevent the reagents from coming into contact prior to the formation of plugs. Here, the buffer stream performed an additional function: it was also used to control concentrations inside plugs by performing on-chip dilution. The concentrations inside the plug were controlled by varying the relative flow rates of the three streams of stock solutions (Figure 2c,d ). To ensure formation of plugs of identical size, the total flow rate of the three streams was kept constant. To validate this method of dilution, a solution of fluorescein was used as the quantitative fluorescent marker. We found that on-chip dilution of fluorescein was reliable (Figure 2b ) when the flow rate of the fluorescein stream was varied between 4 and 63 nL/s. Thus, this approach enables kinetic measurements at varying concentrations without labor-intensive dilutions while minimizing sample consumption.
(ii) Accessing Multiple Time Ranges for Kinetics. Here, we show how this droplet-based microfluidic system can be used for measuring kinetics on both long and short time scales. In this system, the time scales accessed may be increased or decreased by varying the flow velocity accordingly. In addition, here we show that it has two attractive attributes. First, data can be acquired for a set of time points t n separated by arbitrary intervals of time ∆t n . Second, kinetic data at all time points of that set can be acquired simultaneously.
Throughout this paper, we measured the kinetic activity of ribonuclease A (RNase A), a well-studied enzyme, 24 to demonstrate different features of this system. The kinetic measurements were performed by monitoring the steady-state fluorescence arising from the cleavage of a fluorogenic substrate 25 by RNase A 26 as the reaction mixture flowed down the channel. The amount of the product at a given time point t [s] was calculated from the intensity of fluorescence at the corresponding distance point d [m] . Because of the absence of dispersion, reaction time can be calculated at any distance, t ) d/U where U [m/s] is the velocity of the flow. For the microchannel designs used in this work, the winding section of the channel 1 was conserved to induce rapid mixing. After the winding section, the lengths of the straight channel can be designed to suit a particular time range.
Microchannels used in this droplet-based microfluidic system can be designed for any kinetic profile to accommodate the desired density of time points separated by arbitrary time intervals ∆t n . This capability is important because, in kinetics, not all time points are created equal. For most kinetic experiments, many time points are necessary in the beginning and fewer time points toward the end of the reaction. In first-order kinetics, time points should be separated exponentially. A set of time points separated by time intervals ∆t n can be achieved by combining the distance-time relationship (t ) d/U) with rational design of microchannels. A set of time points with exponentially increasing time intervals ∆t n between the time points can be accessed by using exponentially increasing distances
where m is the factor of exponential increase, n is the index (from 1 to z) numbering the time points, and l [m] is the unit length ( Figure 3a ). The z factor was determined by the number of rows of microchannel within the field of view (z ) 8 in Figure  3 ). We also included a short segment of the winding channel that is necessary for rapid mixing by chaotic advection. 1 In Figure 3a , the time point t* was within the winding channel, where mixing was not complete. For slower kinetics, U may be decreased and l may be increased to access a larger time range. Increasing m would give the most dramatic increase of the time range. For the design in Figure 3 , the factors were defined to be m ) 1.5, l ) 0.9 mm, and U ) 106 mm/s, giving an overall time range of ∼450 ms.
Kinetic data within a set of time points can be acquired in parallel with this microfluidic platform. Continuous data col- 
lection is not always attractive, especially for longer reactions with problems of photobleaching. For parallel data acquisition, all d n were placed within the field of view of the microscope (Figure 3a) . Within the acquired spatially resolved fluorescent image 3 (Figure 3b, left) , only the detection area was exposed to minimize photobleaching. Each fluorescent image contained kinetic data at the desired density of time points to build a reaction progress curve. Using intensity profiles (as in Figure  3b , right), we used this exponential design to obtain kinetic measurements to establish compatibility with RNase A.
(iii) Biocompatibility. In this section, we describe a procedure that may be used to establish compatibility of this droplet-based microfluidic system with an enzyme, and we apply this procedure to RNase A. Biocompatibility of a microfluidic platform is necessary to ensure correct analysis of biological samples. In particular, we wished to address possible effects of the interface between the plug and the fluorinated carrier fluid. For vesicle systems involving interfaces with high surface-to-volume ratios, the interaction between the interface and the contained reactants is not trivial. In the limit of vesicles with diameters on nanometer scale, simulations suggested that kinetics are dictated by collisions between the reactants with the interface rather than each other. 27 This may be less of a problem in this system, where plugs have diameters on the order of tens of micrometers. However, at the hydrophobic interface between the plug and the carrier fluid, enzymes could denature and be rendered inactive.
The Selwyn's test 28,29 was successfully performed in this system to establish that there are no factors leading to RNase A denaturation or product inhibition. To apply this test, both aspects of exponential design and on-chip dilution were used to obtain reaction progress curves for three RNase A concentrations at three substrate concentrations (5.0, 4.2, and 3.3 µM; in Figure 4 , only the test for 3.3 µM is shown). We felt it was important to perform this test for several concentrations of substrate to exclude the possibility of coincidental overlap. From fluorescent images (as in Figure 3b ), measurements were made for the time-dependent product formation [P(t)] for three initial enzyme concentrations [E] 0 at three substrate concentrations each (Figure 4a ). Then, data were plotted for [P(t)] versus ([E] 0 × t), which gave superimposable curves (Figure 4b ). This test was successful for all three substrate concentrations. Therefore, this droplet-based microfluidic system proved to be compatible with this particular enzyme, although more work will be required to establish compatibility of this platform with other enzymes. This result may not be so surprising, given that RNase A is a fairly stable enzyme and that the aqueous solutions are inside of plugs that are completely surrounded by the fluorocarbon fluid and do not come in contact with the walls of the device. Fluorocarbon fluids are biocompatible, and previous works have used fluorocarbon fluids for blood transfusions 30 and liquid ventilation of fetuses, 31 both in humans.
(iv) Explicitly Accounting for the Effect of Mixing. We propose and validate a method of performing high-resolution kinetic measurements in microfluidic channels. This method treats mixing explicitly and consists of three steps: (i) quantifying mixing by measuring the mixing function f M (t) of the microfluidic system used for kinetic measurements, (ii) measuring reaction kinetics, and (iii) extracting kinetic parameters at high-resolution from kinetic data using a mathematical model that relies on f M (t) to take mixing into account.
For slow kinetic measurements, where the mixing time is only a small fraction of the overall reaction time, explicit treatment of mixing is not necessary. This was the case in the exponential measurements we performed to establish biocompatibility (Figure 3 ). For rapid kinetic measurements, mixing time is the limiting factor that determines the resolution. Mixing is rapid but difficult to quantify when using stopped-flow instruments; because of "dead time" the reaction mixture cannot be observed from t ) 0 to t ≈ 1 ms of the reaction and mixing time. An attractive feature of this droplet-based microfluidic system is that the reaction mixture can be observed at t ) 0 (there is no dead time). In previous work, we took advantage of this feature and demonstrated that mixing could be quantified by measuring the rate of a diffusion-controlled Fluo-4/Ca 2+ binding reaction. This approach relies on the conversion between space and time performed by the fluid flow, t ) d/U. There are two different time resolutions that we consider here: time resolution with which the measurement can be performed and the time resolution with which kinetic information can be extracted. The limit of time resolution of the measurement equals lp/U, where lp is the length of plugs [m] . In this work, lp ≈ 40 µm and U ≈ 400 mm/s; therefore, the resolution of the measurements itself is approximately equal to 100 µs. The time resolution with which kinetic information can be extracted is limited by the mixing time (∼1.5 ms). In this droplet-based microfluidic system system, the time resolution of the measurement is high enough so that the mixing function can be determined accurately. Then, the mixing function can be incorporated into the kinetic model so the kinetic parameters can be extracted with resolution not limited by mixing. We used the Fluo-4/Ca 2+ binding reaction 1 (Figure 5b This treatment is justified for a model described by eq 4, but will not be correct for complex kinetic models, especially those involving autocatalytic reactions. 33 Millisecond Single-Turnover Kinetics. In this section, we discuss measuring millisecond single-turnover kinetics of RNase A by using nanoliters of solutions. This experiment used all of the new features of the droplet-based microfluidic system: onchip dilution, proper microchannel design, compatibility with the enzyme, and explicit treatment of mixing.
Single-turnover kinetics require high concentrations of both the enzyme and the substrate, with the enzyme used in large excess. 34 Therefore, mixing must be rapid and sample consumption must be low. For most microfluidic systems, sample consumption is low but mixing is often too slow. For stoppedflow, mixing is rapid but sample consumption is high. Submicroliter sample consumption and rapid mixing makes this droplet-based microfluidic system especially attractive for performing such measurements.
We performed the measurement in the device shown in Figure  5a . We designed the device to obtain a continuous kinetic profile and used on-chip dilution to control concentrations during the experiment. In a single experiment, we obtained eight progress curves (only three are shown, Figure 5b ) at eight concentrations of the substrate to ensure that the measurement is in the single- [ where k [s -1 ] is the single-turnover rate constant. The reaction under study is known to occur on a single-millisecond time scale. Mixing also occurs on this time scale. Therefore, explicit treatment of mixing is clearly necessary in this case to extract accurate kinetic information from kinetic measurements.
To account for mixing, we obtained the mixing function f M (t) (plotted as dashed lines in Figure 5b ,c) from Fluo-4/Ca 2+ data (plotted as open symbols in Figure 5b,c) for the microfluidic device used and then performed two fits to the kinetic data of RNase A. The first fit was obtained with eq 8, which used the discretized form of f M (t) in the spirit of eq 5. This fit accounted for the time delay τ required to mix a fraction of the reaction mixture ∆f M (t):
We found it more convenient to work with the integraldifferential eq 9, analogous to eq 6:
The two equations produced indistinguishable fits (only fits to eq 9 are shown in Figure 5b ,c). All eight progress curves gave an excellent fit to the same rate constant of 1100 ( 250 s -1 (Figure 5b , only three are shown). These results are in agreement with previous studies, where cleavage rate constants of oligonucleotides by ribonucleases were shown to be ∼10 3 s -1 . 35 Mixing function is an intrinsic property of each microfluidic device in this droplet-based microfluidic system and has to be measured only once. Enzymatic activity of RNase A is pHdependent, with the cleavage step being optimal at a pH of ∼7.5. To confirm that the same mixing function may be used for different kinetic experiments, the single-turnover reaction was performed at a lower pH of 6.0. The data were fit to eq 9 using the same mixing function. At a pH of 6.0, the rate constant obtained from the fits decreased 3-fold to 350 ( 50 s -1 (Figure  5c ), in full agreement with previous studies. 36
Conclusions
In conclusion, kinetic measurements can be performed rapidly and economically using this droplet-based microfluidic system, and kinetic information can be extracted with better than millisecond resolution. Concentrations within the plugs may be controlled easily by on-chip dilution. On-chip control of concentrations is especially important for kinetic measurements and will minimize sample consumption and manual labor. This feature should be also important for performing quantitative assays on a chip. In this work, each kinetic profile was acquired in a single fluorescence image in 2-4 s and required less than 75-150 nL of the reagent solutions. The 2 µL volumes shown in Figure 1 are sufficient for ∼15 kinetic experiments over a range of concentrations. These experiments with stopped-flow would have required at least several hundreds of microliters of solutions. 10 Channels may be designed for efficient measurements of arbitrary kinetic profiles by obtaining virtually any sequence of time points from a single image. This approach is applicable to most systems that operate in a continuous flow mode and that use spatially resolved imaging to obtain timeresolved information. We used this approach together with varying concentrations to demonstrate how biocompatibility for an enzyme may be established reliably in a single experiment. It would be straightforward to use this approach to establish compatibility (or the lack of compatibility) of this droplet-based microfluidic system with other enzymes; such work would be important if this system is to be used for assays involving enzymes and other biomolecules.
In the absence of additional mathematical treatment, the time resolution of this platform for extracting kinetic parameters from measurements would be limited by the mixing time (∼1.5 ms), rather than the resolution of the measurement itself (∼100 µs). As described in our previous work, 1 there is no dead time in this system, and mixing may be carefully quantified. Here, we described and implemented a mathematical treatment of reaction kinetics together with mixing to improve the time resolution with which kinetic parameters are extracted. This method would be valuable in other systems where mixing can be measured with high resolution 2 and described in the form of a mixing function. Using this method, we were able to extract a single turnover rate constant for RNase A with better than millisecond resolution. Currently, detection in this droplet-based microfluidic system is limited to optical methods and requires labeling of reagents with fluorophores or chromophores, and more development would be required to overcome this limitation. However, for systems where fluorescence may be used for detection, this system may serve as an inexpensive and economical complement to stopped-flow methods for a broad range of kinetic experiments and assays in chemistry and biochemistry.
Experimental Section
I. Materials. Poly(dimethylsiloxane) (PDMS, Sylgard Brand 184 Silicone Elastomer Kit) was obtained from Dow Corning. Tris(hydroxymethyl)aminomethane (Tris base), disodium ethylenediamine tetraacetic acid (EDTA, free acid), 1-(N-morpholino)ethanesulfonic acid (MES), 3-(N-morpholino)propanesulfonic acid (MOPS), phosphatebuffered saline (PBS, 10×), fluorescein (disodium salt), and glass coverslips (Premium Coverslips, #1) were obtained from Fisher Scientific. (Tridecafluoro-1,1,2,2,-tetrahydrooctyl)-1-trichlorosilane was obtained from United Chemical Technologies, Inc. Perfluorohexane (95%) and 1H,1H,2H,2H-perfluoro-1-octanol (98%) were obtained from Alfa Aesar. Perfluoro(1,3-dimethylcyclohexane) (80%) was obtained from Aldrich. The colored dyes were McCormick red food coloring (water, propylene glycol, FD&C reds 40 and 3, propylparaben) and McCormick green food coloring (water, propylene glycol, FD&C yellow 5, FD&C blue 1, propylparaben). Fluo-4 (pentapotassium salt) was obtained from Molecular Probes, Inc. Calcium chloride dihydrate (+99%) was obtained from Aldrich. Ribonuclease A solution (EC 3.1.27.5) was obtained from USB Corp. and generously provided by A. V. Korennykh and Prof. J. A. Piccirilli. The RNaseAlert QC System was obtained from Ambion Inc., which included the RNaseAlert substrate and RNaseZap decontaminant solution.
II. Fabrication of Devices. Microchannels were fabricated with rectangular cross-sections using rapid prototyping in PDMS. 5 [P(t)] ) [S] 0 (1 -exp(-kt))
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